The sequence of 300 nucleotides surrounding the transcription termination site for ribosomal RNA in Drosophila melanogaster has been determined. The precise position of the RNA 3'-end was located by sizing rDNA fragments protected from Sj nuclease by hybridization with cytoplasmic 28S rRNA or with nuclear 38S pre-rRNA. Next, the sequence of the first 10 nucleotides at the 3'-end of 28S and 38S rRNA was determined directly. The results indicate the absence of 3'-terminal processing of the 38S pre-rRNA. The nucleotide sequence from a position 27 nucleotides upstream to 150 nucleotides downstream from the termination site was identical in three uninterrupted rRNA genes and one interrupted gene, except for a single base change in the spacer region of one clone. The terminal 100 nucleotides of Drosophila 28S rRNA have more than 60 per cent homology with the corresponding region of Xenopus 28S rRNA and yeast 26S rRNA.
INTRODUCTION
In the fruitfly Drosophila melanogaster, as in other eukaryotic organisms, ribosomal RNA genes are tandemly repeated, each repeat unit being composed of alternating gene and nontranscribed spacer (NTS) regions (1) (2) (3) . The 28S, 18S and 5.8S rRNA molecules are transcribed as parts of a large precursor molecule which is subsequently processed in several steps to yield the mature rRNA species (A, 5). The structure and function of rRNA genes are of special interest as they are transcribed by a distinct class of RNA polymerase (polymerase I) and are under specific control during development (6) (7) (8) . The transcription initiation and termination sites have been analyzed at the nucleotide level in Xenopus laevls (9) , and yeast (10) , and the Initiation site has been reported for the mouse (11) .
Drosophila rDNA is particularly Interesting in that many of its repeating units are interrupted in the 28S RNA coding region by ribosomal insertions (1) . In Drosophila, Interrupted rRNA genes do not contribute significantly to the production of rRNA (12, 13, 14) . In an effort to analyze in detail regions of _D. melanogaster rDNA that may be involved in the control of its expression we report here the location and sequence of the site of transcription termination. The sequence of the transcription initiation site of these genes has been reported recently (15) , and the present work describes the termination site in interrupted and uninterrupted rRNA genes.
MATERIALS AND METHODS
Isolation of DNA and restriction fragments. The recombinant plasmids (pDmr Y22 and a56) and phages (XDmr 312 and 326) used in this study and their purification have been previously described (15, 16) . After digestion of DNA with restriction enzymes under conditions recommended by the suppliers (BRL and New England Biolabs), DNA fragments were separated by electrophoresis on 0.8% agarose (Seakem agarose, Marine Colloids) or 5% polyacrylamide gels and extracted from agarose gels (17) or polyacrylamide gels (18) . In some cases, the end-labeled fragments were isolated from low-melting agarose (Seaplaque, Marine Colloids) as described by Wieslander (19). DNA labeling and sequencing. Labeling at the 5' end was achieved by using f-P-ATP and T^ polynucleotide kinase as described (18) . Labeling at recessed 3 1 end was done by the appropriate ct-32p-(j eO xynucleotide and AMV reverse transcriptase. In a final volume of 50 ul, 5 pmol of 3' ends was incubated with 250 uCl of a-3 2 P-deoxynucleotide (3,000 Ci/mmol) in 10 mM Trls-HCl (pH 8.0), 10 mM MgCl 2 , 50 mM KC1, 1 mM dithiothreitol at 37°C for 1 hr. DNA sequencing was carried out by the base-specific chemical cleavage method of Maxam and Gilbert (18) . The chemically cleaved fragments were electrophoresed in 0.4 mm thick 20%, 14% and 8% polyacrylamide gels containing 8M urea.
RNA isolation and sequencing. Nuclear and cytoplasmic RNA was isolated from Drosophlla embryos as described (12) . The precursor RNA was purified by SDS-sucrose gradient centrlfugation. The heavy side of the 38S region from several gradients was pooled and rerun. 28S rRNA was purified by SDSsucrose gradient centrifugation of cytoplasmic RNA. The RNAs were labeled at the 3' end by ^2P-pCp and T^ RNA ligase (20) . The 3'-terminal RNA fragments were isolated by hybridization to nitrocellulose-bound Hhal spacer fragment of rDNA which includes the terminal coding segment (15) . The endlabeled RNAs were sequenced by the method of Donis-Keller et al. (21) , the alkaline ladder being produced by incubation with 0.1 M NaOH at 37°C for 4 min instead of using bicarbonate buffer. The digests were run in a 0.4 mm thick 20% polyacrylamide gel containing 8M urea. and denaturation, the protected fragment was run in parallel with the original labeled fragment cleaved by base-specific chemical reactions ( Figure  4) . The most prominent band protected at the highest amount of S^ (lane 4) was two nucleotldes larger than the Hindlll-HinfI fragment (lane 1). When a correction is made for the different migration of an Sj-generated and a chemically cleaved fragment (which is one nucleotide shorter) the last transcribed nucleotide is found to be T. This maps the 3'-terminal nucleotide at a position 26 nucleotides downstream from the Hindlll site. A similar experiment was carried out with 38S pre-rRNA and resulted in identification of the same terminal nucleotide as for 28S RNA (see also below). Sequencing the 3' termini of 28S and 38S rRNA. The position of transcription termination was also obtained by direct determination of the sequence of several nucleotides at the 3' end of both 38S and 28S rRNA. The RNAs were labeled at the 3' end with 5'-32 P-pCp and T^ RNA ligase. To purify a homogeneous short terminal fragment free from any degradation products formed during the labeling procedure, the labeled RNA was hybridized with the Hhal spacer fragment of pDmr Y22 which contains the 3'-terminal 148 nucleotides of the coding strand (see Figure 1) . After RNase treatment, the Fig. 1 ) was labeled at its -1631 31 e nds. The labeled DNA was hybridized separately with 28S rRNA and with 38S pre-rRNA. Aliquots were digested with S^ nuclease and electrophoresed in a 1.5% alkaline agarose gel. Lanes 1, 7-labeled Haelll fragment; 2 -purified Haelll -Hindlll fragment 3'-labeled -50 6 at Hindlll site; 3 -Haelll fragment -396
protected from S^ digestion (1000 u) _ 3 4 4 by 28S RNA; 4 -Haelll fragment pro-?9H
tected from Sj digestion Figure 4 . Localization of the transcription termination site by sizing of the Sj-protected fragment on a sequencing gel. The coding strand of pDmr Y22 Hindlll -Haelll spacer fragment spanning the termination site was labeled at its 3'-end with a-^p-dATP an( j reverse transcriptase, and sequenced. In parallel, part of the terminally labeled fragment was cut with Alul, hybridized with 28S rRNA and digested with different levels of Sj nuclease. The protected fragments were denatured and electrophoresed in a 14% sequencing gel, along with the fragments cleaved by base-specific chemical reactions. The arrows mark corresponding positions of the fragment protected at the highest level of Sj used, after correction being made for 1 nucleotide displacement in migration of the chemically cleaved fragments. Lane 1, Hindlll -Haelll fragment cut with Hinfl; 2, 3, 4, Hindlll -Alul fragment protected from 125, 500, and 1250 units of Sj, respectively, by hybridizing with 28S rRNA; G, G + A, T + C, and C, fragments generated by base-specific reactions. The bands at a higher position in lanes 2,3,4 correspond to the Hindlll-Alul fragment which is not fully digested by Sj nuclease, possibly due to renaturation.
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w G w A *~ p y Figure 5 . Nucleotide sequence at the 3' termini of 28S rRNA and 38S pre-rRNA. The RNAs were labeledat their 3' ends with 5'-32 P-pCp and T4 RNA ligase, hybridized with Hhal-Hhal spacer fragment from pDmr Y22 (Fig. 1) and eluted from the filters as described In the text. Allquots of the purified 3'-terminal fragments were partially cleaved and run on 20% polyacrylamide sequencing gels. Lane 1, U2 digest; 2, Tj digest; 3, alkaline ladder; 4, pancreatic RNase digest. Py denotes pyrimldine.
rRNA genes cloned in lambda (XDmr 312 and 326) (for a description of these clones see ref. 15 and 16) . These sequences are Identical except for position 91 (see Figure 2 ) in a56 where T is replaced by G. This mutation in the spacer is not likely to have functional significance.
DISCUSSION
The results presented in this paper establish the 3'-terminal sequences of the 28S rRNA and 38S pre-rRNA in _D. melanogaster and give the sequence of a region of 310 nucleotides in rDNA centered at the termination position.
Three conclusions derive from these results. There Is no processing at the 3' end of Drosophlla pre-rRNA. -This conclusion Is based on protection of DNA fragments against digestion with Sj exonuclease by hybridization with 28S or 38S RNA, and more firmly on direct sequencing of the 14 3'-terminal nucleotides of both RNAs ( Figure 5 ) . The absence of 3'-termlnal processing has also been suggested for Xenopus laevls pre-rRNA on the basis of S^ protection experiments (9) . In contrast, 3'-termlnal processing has been indicated for two other organisms. Veldman et al. (10) reported that yeast pre-rRNA is longer by 7 nucleotides than the mature 26S rRNA, and Hamada et al. (23) reported that 45S pre-rRNA, processing intermediates, and mature 28S rRNA in rat liver and mouse hepatoma have different 3 1 termini. It might be argued that the 8 kb pre-rRNA molecule that we studied is not the primary transcript and has already been processed at its 3' end. We believe this to be unlikely because this RNA still retains di-and triphosphate residues at its 5' end (4), and because it Is quite comparable In kinetic properties (4) to the yeast and rat prerRNAs that apparently contain 3'-terminal nucleotides that are not retained in mature rRNA. Therefore, these results suggest a basic difference in the 3' ends of pre-rRNAs of different organisms.
The termination sequence in D. melanogaster Is unusual. Many transcripts from prokaryotes and eukaryotes terminate In a stretch of U residues (24, 25) . The examples for this generalization include the rRNA of yeast (10) . In X. laevls, the pre-rRNA appears to terminate just upstream of a stretch of 4 T residues in the noncoding strand of the DNA (9). D. melanogaster rDNA differs in that the termination sequence does not include a stretch of U's In the RNA and Is not followed by a stretch of T's in the noncoding strand for a considerable distance (Figure 2 ). The termination region is, however, AT rich, in agreement with observations in some other systems (25) . Since the entire nontranscribed spacer in X). melanogaster is AT rich the significance of the base composition in the region immediately downstream from termination cannot be assessed.
Termination regions generally contain a dyad symmetry in the RNA sequence immediately preceding termination (24, 25) . This is also true of JC. laevls rDNA, but the dyad symmetry in this case involves only 4 nucleotides (9). A 4 nucleotide dyad symmetry is also present in J5. melanogaster rDNA at positions -11 to -14 and -24 to -27 ( Figure 2 ). The hairpin loop that could form on the basis of this symmetry is not stable and the significance of this structure is unknown. There is sequence homology between the 3'-terminal regions of different rRNAs. Figure 6 gives an alignment of the terminal regions of the rRNAs of X. laevis, yeast and J). melanogaster. There Is considerable homology between these sequences, as already noted for JC. laevis and yeast by Veldman et al. (10) . It has long been known that rRNA sequences are highly conserved (26) . Within this context of conservation the 3'-terminal region is not particularly stable; a much more conserved region has been characterized In the interior of 28S rRNA (27) 
